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The parallel seismic (PS) method is used for determination of the unknown or undocumented depth of foundations, mostly piles.
It was developed several decades ago and has not much changed since. PS is based on impulse generation on the pile head and
registration of travel times in a borehole parallel to the foundation. The method is applicable to many foundation types, including single
piles, pile walls, or sheet piles. While the accuracy is known to be high if the distance between foundation and borehole is small, the
foundation length is overestimated with increasing distance.
This paper presents the results of a systematic study on the inﬂuence of geometric and material parameters on the measurement results
and explains the effects by studying the underlying wave phenomena based on numerical studies. It can be shown that several
parameters (e.g. borehole inclination) have a strong inﬂuence. Foundation ﬂaws and soil layers have also to be taken into account, while
the possibilities in the other direction (derivation of soil parameters or detection of ﬂaws from the results) are limited.
Based on the simulation results, a new mathematical algorithm for data interpretation has been developed which takes into account
the soil layers and the borehole inclination. This novel data interpretation scheme was used in combination with different data inversion
methods. The new interpretation method was successfully validated using several sets of simulated data. Not only was it shown to be
more accurate than all other available methods, but it also extended the maximum allowable pile–borehole distance to 2–3 m.
Today, parallel seismics is the only method applicable on both metallic and non-metallic foundations which can be used without
calibration. It has the largest range of all borehole methods. To enhance its efﬁciency it can be combined with downhole seismic
measurements in the very same borehole to retrieve soil parameters.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The determination of the depth of unknown founda-
tions, mainly piles of all kinds, is a major task in civil12 The Japanese Geotechnical Society. Production and hostin
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nder responsibility of The Japanese Geotechnical Society.engineering (Hertlein and Davis, 2006). Files and drawings
are sometimes lost or unreliable. Especially in the case of
rehabilitation, load changes or re-use the length of the piles
is required for load capacity assessment. Since surface
methods like low strain pile integrity testing are known to
be insufﬁcient in many cases (e.g. on wall type elements;
Niederleithinger et al., 2010), borehole based methods may
deliver the required parameters. Especially the parallel
seismic method has gained some interest in the last years
(Olson and Sack, 2010).g by Elsevier B.V. All rights reserved.
Fig. 2. Typical seismogram with interpretation by straight line ﬁtting:
upper sensors/pile, 4200 m/s, lower sensors/soil, 1800 m/s.
E. Niederleithinger / Soils and Foundations 52 (2012) 1093–11011094Parallel seismics (PS), which was developed in France
several decades ago, is an established but not commonly
used geophysical technique. The method is standardized in
France and is included in the method catalog of the US
Federal Highway Association (FHWA).
The principle behind parallel seismics is quite simple. An
impulse is generated on top of the pile by a hammer stroke,
generating elastic waves (mainly compressional) traveling
downward through the pile (Fig. 1). Due to the high
impedance contrast between pile and soil, most of the energy
remains in the pile, but some is transmitted as guided waves
into the surrounding soil. After reaching the pile toe,
transmitted/diffracted waves with nearly semispherical wave
fronts are generated. These waves are recorded by sensors
(hydrophones or geophones) in a nearby borehole.
Picking the ﬁrst arrivals from the borehole seismograms
(Fig. 2), the time–depth curves show a change of slope near
the pile toe relating to the velocity difference between pile
and soil. The inﬂection point is traditionally taken to be the
depth of the foundation (Turner, 1997). This method
neglects the pile–borehole distance and leads to an over-
estimation of pile length, which is unsafe. Methods intro-
duced in recent years (Niederleithinger et al., 2005; Liao
et al., 2006) are more accurate, but still contain several
approximations (e.g. neglecting pile diameter and material
changes). The method developed by Liao et al. improves the
conventional result by adding a correction factor based onFig. 1. Principle of the parallel seismic method for foundation length
estimation.the determined velocities and the pile–borehole distance.
Niederleithinger et al. use a similar approach, as is described
in this paper, but with several simpliﬁcations.
This paper is based on a recently published thesis
(Niederleithinger, 2011) which provides a systematic treatise
of the mathematical and physical foundations of wave
propagation in piles and soil. Extensive numerical simulations
and parametric studies have been carried out to investigate the
nature of the wave-ﬁeld and inﬂuence of measurement and
structural parameters. The results reveal the range of applic-
ability of parallel seismics, but also some limitations, e.g. in the
case of rock socketed foundations or piles containing ﬂaws.2. Numerical simulation
The wave propagation in pile and soil was studied in
detail by the author using the CEFIT (cylinder symmetric
elastodynamic ﬁnite integration technique) method devel-
oped by Schubert et al. (1998). It works on staggered
rectangular grids (deformation velocity and stress compo-
nents discretized on different grid nodes) and uses integra-
tion around the ﬁnite grid cells to determine coefﬁcients
similar to a ﬁnite difference scheme. Due to cylinder
symmetry (impact on top center of pile required) the grids
can be reduced to a 2D-quarterspace with the pile axis as
one of the borders. Appropriate boundary conditions are
implemented, periodic at the pile axis, free of vertical stress
at the surface and reﬂecting elsewhere. The latter demands
the grid size to be chosen sufﬁciently large to avoid
artifacts. The wave propagation along time is calculated
E. Niederleithinger / Soils and Foundations 52 (2012) 1093–1101 1095alternating between stress and deformation velocity using
central difference operators.
The method was adapted to geometries occurring in pile
testing by the original author. Up to now the software was
used by the author of this paper to study the inﬂuence of
geometrical parameters e.g. in low strain integrity testing
or parallel seismics (Niederleithinger, 2008). It is restricted
to low strain applications as damping, settlement and
similar effects are neglected, while geometrical dispersion
is included. A large variety of pile and soil geometries can
be modeled as long as the impact is on the central point of
the pile head and the structure is cylinder symmetric.
The coupling between different media (e.g. pile/soil) is
assumed to be perfect in this method. This leads to much
more amplitude loss from pile to soil than in reality. For
this study a thin layer of weak (very low velocity material)
was introduced between pile and soil to produce simula-
tion images with qualitatively correct amplitudes. How-
ever, travel times are not affected.
The validity of the approach was checked by calculating
travel times for simple geometries with analytic solutions,
by comparing the results to those obtained by ray tracing
algorithms of commercial seismic software and by resem-
bling a numerical experiment published by Liao et al.
(2006). The largest time differences between any of the
datasets were in the range of 0.1 ms, in most cases less than
0.01 ms. This is much smaller than the period of the
seismic signal and the time picking error in real environ-
ments and can thus be neglected.
3. Wave propagation
To fully understand the principle of the parallel seismic
method a series of simulations have been carried out.
Appropriate velocities for compressional (cpwave) and shear
(cswave) waves have been chosen (Table 1). The selected
shear wave velocity in soil (300 m/s) is considerably higher
than in many real cases, but this speeds up calculations
and affects neither the principle effects nor the ﬁrst arrival
times used later on. The pile length has been set to 10 m,
the diameter to 0.6 m. The movement of pile and
soil elements has been mapped and is displayed in
Figs. 3 and 4.
The impulse on the pile head generates a longitudinal (p)
wave which travels down the pile (Fig. 3, left). As the
wavelength is greater than the pile diameter, this wave is
comparable to a bar wave with a velocity which is somewhat
slower than a pure compressional wave in space (about
3950 m/s compared to 4000 m/s in this case). Energy loss dueTable 1
Parameters for simulations shown in Fig. 3 and Fig. 4.
p-Wave velocity
(cpwave) (m/s)
s-Wave velocity
(cswave) (m/s)
Density r
(g/cm3)
Pile 4000 2400 2.3
Soil 1500 300 1.8to coupling to the soil damps the amplitude with time. At the
same time head waves (both p and s, Fig. 3, right) with
straight wave fronts in the soil are generated. They travel
sideward in different angles depending on the ratio between
the respective soil velocity and the p-wave velocity in the
pile. As they are guided by the p-wave in the pile, the
apparent downward velocity is the same as for the guiding
wave, even if their true sideward velocity is much slower.
The p-head wave is the ﬁrst to reach any sensors in the soil
(or in a borehole placed therein).
When the p-wave generated by the impact has reached
the pile toe, it is reﬂected and travels upward again,
generating new head waves (Fig. 4). Some of the energy
is transmitted to the soil, and behaves like a new point
source (if the pile diameter can be neglected). Almost
semicircular p- and s-wave fronts travel downwards. They
interfere with the wave fronts of the corresponding head
waves. The point where the straight wave front of the head
waves begin to bend is slightly below the pile toe. This is
the reason why the inﬂection point in the seismograms of
parallel seismics (Fig. 2) is not exactly at the depth of the
pile toe. The difference depends on distance from the
sensor to the pile and the velocities in pile and soil.
4. Parameter evaluation
A comprehensive set of parameter studies was carried
out to investigate the inﬂuence of pile and borehole geometry
as well as material parameter changes in pile and soil
(Niederleithinger, 2011). This included basic parameters (as
pile diameter, pile–borehole distance or borehole inclination)
and more complex situations as soil layers or pile defects. Pile
diameter, which was neglected so far, is especially important,
particularly when near surface data have to be evaluated.
The relevance of some of the parameters is discussed here.
In addition, it can be shown that the parallel seismic method
is often capable of determining the pile length even if there
are obstructions (Niederleithinger, 2012). It should be
acknowledged that the method has limitations when applied
in certain conditions, e.g. in the case of rock socketed piles.
In addition, inhomogeneities or geometry deviations may
result in falsiﬁed wave velocities (Niederleithinger, 2011).
Thus, the possibility to determine the material properties of
concrete or soil from the values determined by PS is limited.
One important parameter, which has not been taken into
account so far, is borehole inclination (an inclined pile would
generate the same effect). Fig. 5 shows the model used for a
set of simulations with different borehole inclinations from
51 (towards pile) to þ51 (away from pile). All other
parameters are as for the model used in the previous section.
Travel times have been picked from the simulated seismo-
grams and plotted in Fig. 6. It can be seen, that the travel
time curves vary signiﬁcantly with inclination. Also, the
inﬂection point (and thus the determined pile length, if the
conventional method is used) is inﬂuenced.
The branches of the travel time curves have been ﬁtted by
straight lines. The results (apparent velocities cpile and csoil
Fig. 3. Vertical (left) and horizontal (right) components of simulated particle movement velocity 2.5 ms after impact on pile.
Fig. 4. Vertical (left) and horizontal (right) components of simulated particle movement velocity 4 ms after impact on pile. Weak amplitudes are
enhanced for better visibility.
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straight borehole (01) the apparent pile velocity was deter-
mined to be 3980 m/s (which is close to the real 4000 m/s).
The apparent soil velocity is about 1550 m/s, while the actual
soil velocity is 1500 m/s. This slight overestimation is
inherent to the method as the data points follow a curve
approaching the true velocity at depth. The amount of
overestimation depends on the number and depth of sensors
below the pile toe as well as pile–borehole distance (not
shown here). The same applies to the inﬂection point (here
11.2 m), which is a signiﬁcant distance below the pile toe
(10 m). The inclination of the borehole towards the pile leads
to a signiﬁcant increase of the apparent pile velocity and a
decrease in the apparent soil velocity. The inﬂection point
depth (pile depth in conventional interpretation) is affected
as well, approaching the true value of 10 m when the inclined
borehole almost touches the pile. As expected, the effects are
the same (in the opposite direction) for inclination away
from the pile (increasing depth and apparent soil velocity,decreasing apparent pile velocity). As borehole inclination
leads to an additional error of several percent in depth
estimation, it would be desirable to correct for this value.
5. Data inversion
Based on the studies described in the previous sections, a
set of equations has been derived which describe the wave
propagation based on ray theory. This neglects the fact
that the wavelengths used in practical applications are in
the same range as some of the geometrical features (e.g.
pile diameter). Still, it can be shown that this mainly
inﬂuences the longitudinal wave speed inside the pile, being
somewhere in between the compressional and bar wave
speed (Niederleithinger, 2011). This fact has to been taken
into account when interpreting the results.
Fig. 8 shows the geometry of the ray paths running from
the pile top to borehole sensors in depths z1 (sideward of pile)
and z2 (below). To calculate the ﬁrst arrival times separate
Fig. 5. Model used for inclination inﬂuence evaluation.
Fig. 6. PS travel times for the model of Fig. 5.
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the pile (t1 and t2), each split in parts inside and outside of the
pile (t1a/t1b, t2a/t2b). The depth range for each equation
depends on wave speeds and geometry as the head wavesare ﬁrst arrivals up to a certain depth below the pile. For
case 1 (sensors to the side of the pile) it can be derived:
t1 ¼ t1aþ t1b
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
z21aþR2
q
cpile
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
z21bþD2
q
csoil
ð1Þ
using
z1B ¼ tany1UD siny1 ¼
sina1Ucsoil
cpile
tana1 ¼
z1a
R
The travel time for a speciﬁc sensor depth can’t be deter-
mined directly from case 1. Thus travel times are calculated for
a dense set of intersection depths z1a followed by interpolation.
The following is valid for the part below the pile:
t2 ¼ t2aþ t2b ¼
ﬃﬃﬃﬃﬃ
L2
p
þR2
cpile
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
z22bþD2
q
csoil
ð2Þ
For a borehole inclined by angle d, D has to be replaced
by Dþz tan d. Equations similar to (1) and (2) can be
derived by simple algebra. In the presence of soil layers,
different scenarios have to be taken into account (Fig. 9).
The ﬁrst arrival may be caused by waves traveling along the
layer boundary or head waves even above the boundary.
This was conﬁrmed by simulations (Niederleithinger, 2011).
The inversion process in geophysical applications can be
described as the iterative minimization of the deviation (or a
corresponding measure, e.g. the Euclidian distance) between
measured and simulated data, the latter based on a para-
meter set which is improved step to step. Two methods were
used for the inversion of travel times in this study. The ﬁrst
is the Levenberg–Marquardt method (LM), an extension of
the least squares technique (Lines and Treitel, 1984). The
parameter changes are calculated following more or less the
steepest gradient of the data mismatch. The parameter step
width is determined iteratively as well to optimize conver-
gence speed. The method is known to be fast, stable and
convergent, but may be trapped in local (sub-optimal)
minima of the data mismatch function, depending on the
parameter starting values.
The second method is named very fast simulated annealing
(VFSA) as described by Ingber (1989). It resembles a cooling
process (here: reducing step width), in which crystals (para-
meters) try to reach the lowest possible energy stage (data
mismatch). At some stage, the temperature is rising (increas-
ing step width) to allow leaving potential local minima.
Certain components of the process as well as the starting
parameters are chosen randomly. VFSA is repeated several
times and is thus much less time efﬁcient but allows the global
optimum to be reached, or at least, very nearly reached.
Figs. 10 and 11 display the inversion result of a synthetic
data set, using the same model as in the previous sections,
but adding moderate, depth dependent noise. Both inver-
sion methods are able to reconstruct the parameters within
3% or less.
The situation changes if the borehole is inclined (d=11 in
model 2, all other parameters as in model 1). For the LM
method the inversion was performed concerning three
Fig. 7. Evaluation of apparent velocities in pile and soil as well as inﬂection point depths.
Fig. 8. Geometry of ray paths (homogeneous pile and soil). Fig. 9. Alternative ray paths in presence of a soil layer with csoil1ocsoil2
and an inclined borehole.
E. Niederleithinger / Soils and Foundations 52 (2012) 1093–11011098different scenarios: d ﬁxed at 01 or 11, respectively, or varying
freely in the inversion process. The model curves of the
inversion results, as well as the one determined by VFSA,
are plotted in Fig. 12. All curves ﬁt the data quite well and
differ only in details. This is not the case for the model
parameters (Table 2). Only in case of d ﬁxed to the correct
value of 11 the parameters are determined correctly. If d is
variable, VFSA performs much better compared to LM. L, cp
(pile) and cp (soil) are almost accurate, the soil velocity
probably biased by the added noise (compare to LM with
d¼11). The inclination determined by VFSA is at least much
closer to the real value than the LM result. Similar results can
be obtained, when soil layering is included in the models, but
with less advantages on the side of the VFSA method
(Niederleithinger, 2011). The same applies if the pile isn’t
ﬂawless (Niederleithinger, 2012). In all cases, the inﬂuence of
known features can be corrected for more precise depth
measurements, but inversion for unknown ﬂaws or soil
parameters is difﬁcult.6. Field example
BAM maintains a large test facility (BAM-TTS) south of
Berlin. A center for test and evaluation of non-destructive
testing methods is part of that site (Fig. 13). Currently, it
includes several bored piles, sheet piles, a pile secant wall,
slabs, a concrete railway track and other full scale models as
well as large parts of dismounted bridges (Niederleithinger
et al., 2009). The parallel seismic method was evaluated
intensively at this facility (Fig. 14). The equipment used for
this purpose was custom made, consisting of a hydrophone
string with six sensors in half meter distances and integrated
preampliﬁers made by Geotomographie GmbH, a 1 kg modal
hammer with force transducer (for input impulse control) and
a standard multi channel data acquisition unit (100 kHz
sample rate used) connected to a notebook computer running
a Labview based control software made for the purpose.
The test results presented below have been made at pile
B4, a concrete bored pile of 9.4 m length and 0.62 m
Fig. 10. Inversion result of model 1, Levenberg–Marquardt method. Fig. 11. Inversion result of model 1, VFSA.
Fig. 12. Inversion results for model 2. VFSA: orange, Levenberg–Mar-
quardt method: other colors. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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water ﬁlled tube of 16.5 m length with a pile–borehole
distance of 0.35 m. The elevation distance between tube
top and pile top of about 1 m has to be taken into account
in depth measurements. The seismogram is shown in
Fig. 15. Evaluation of the travel time using the conven-
tional straight line ﬁtting method delivered velocities for
pile and soil of 4181 and 1714 m/s respectively, and a pile
length of 10.13 m. Using the correction value described in
Liao et al. (2006), a depth value 9.48 m was obtained,
which is close to the actual length.
If the new inversion scheme described in the previous
section is applied, one gets slightly different values
(Fig. 16). The velocity for the pile is larger (4443 m/s) as
the true shape of the curve is ﬁtted. The difference in soil
velocities is negligible since we have used a lot of sensors
below the pile toe, and the pile–borehole distance is small.
Thus, the ﬁrst arrivals form almost a straight line, which is
ﬁtted quite well by the conventional method. The pile
length was determined to be 9.35 m, which is close to the
true value, but only a slight improvement on the method
developed by Liao et al.
The beneﬁt of the inversion developed here shows up, when
datasets with a larger pile–borehole distance are processed.
Fig. 17 shows the results of 30 measurements (different
combinations of 10 bored pile and ﬁve boreholes at BAM-
TTS) sorted into six different groups each with approximately
the same pile–borehole distance. The conventional method
Table 2
Parameters for model 2 obtained after inversion.
LM (d¼01) LM (d¼11) LM d (var.) VFSA (d var.)
L (m) 9.89 9.87 9.7 10
cpile (m/s) 3834 3998 4432 3937
csoil (m/s) 1570 1549 1507 1546
d (deg.) 0 (ﬁxed) 1 (ﬁxed) 3.14 1.61
Fig. 13. BAM-TTS test site with NDT test and evaluation center in the
foreground.
Fig. 14. Parallel seismic measurements at BAM-TTS.
Fig. 15. Parallel seismic seismogram of pile B4 at BAM-TTS.
Fig. 16. Inversion result for pile B4 at BAM-TTS.
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very small distances.
While of the method after Liao et al. shows an
improvement for distances up to 2 m, it undershoots the
values in almost all cases (which is on the safe side). The
new inversion method described in this paper undershoots
as well, but signiﬁcantly less than the Liao’s method\for
distances greater than 0.5 m. Pile–borehole distances up to
3 m can be used if an error of around 10% is acceptable.
For smaller distances, the error decreases (o6% for
distancesr2 m). The applicability range is thus extended.
Distances larger than 3 m have been tried without success.
It has to be taken into account that larger pile–boreholedistances require longer borehole depth below pile toe.
Details can be found at Niederleithinger (2011).7. Conclusions
The mechanism of the parallel seismic method has been
clariﬁed and the relevant parameters, such as the pile diameter
Fig. 17. Evaluation of pile length determination error depending on pile–
borehole distance.
E. Niederleithinger / Soils and Foundations 52 (2012) 1093–1101 1101and borehole inclination, which have been neglected so far,
have been identiﬁed.
By using an extended formalism for travel time calcula-
tions and adequate inversion schemes, the accuracy of parallel
seismic testing results can be signiﬁcantly improved. Both
borehole inclination and soil layers might be included. While
the Levenberg–Marquardt inversion method is suitable for a
rapid on-site interpretation, VFSA leads to more reliable
results in critical cases (e.g. unknown inclination). It should
be noted, however, that the required computation time differs
by two orders of magnitude.
The applicability of the parallel seismic method was
extended. Greater pile–borehole distances can be used in cases
with limited access. parallel seismic is now the method with the
greatest range and the only method for pile length measure-
ment which works on both metallic and non-metallic piles and
on pile walls as well.
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